The effect of light on the synchronization of cell cycling was investigated in several strains of the oceanic photosynthetic prokaryote Prochlorococcus using flow cytometry. When exposed to a light-dark (L-D) cycle with an irradiance of 25 mol of quanta ⅐ m ؊2 s
The marine oxyphotobacteria of the genus Prochlorococcus are the smallest phytoplanktonic organisms known to date (7, 26) . They are widely distributed both latitudinally (over a 40°S to 45°N band) and vertically (over the whole euphotic zone), with maximum concentrations exceeding 2 ϫ 10 5 cells ml Ϫ1 . Since the discovery of this genus and its description by Chisholm and coauthors (7) , numerous field studies have been performed to describe the structure of picoplanktonic communities, and these studies have revealed the significant role of Prochlorococcus spp. in biomass and production of oligotrophic areas such as those of the central North Pacific Ocean or the northern Atlantic (for a review, see reference 25) .
This genus presents some remarkable characteristics in terms of light acclimation (18, 20, 24) . Two ecotypes, distinguishable both by their divinyl-chlorophyll (-Chl) b to -Chl a ratio and their genetic signatures, can be discriminated in the field and have been brought into the lab and maintained in culture (19) . These two ecotypes correspond to populations adapted to either dim or bright light, e.g., to irradiance levels encountered in the field at greater depths or in surface waters, respectively. The molecular bases of the physiological differences between low-and high-light-adapted strains are beginning to be unveiled (e.g., see reference 9). Among the strains described to date, Prochlorococcus SS 120 and MED 4 are good examples of these two respective ecotypes (or possibly subspecies [28] ) and have been the subject of several comparative studies in culture (18, 24) .
Although the distribution of Prochlorococcus spp. depends on a variety of physical and chemical factors, such as temperature or stability of the water column, and on biological controls, such as grazing and probably viral lysis (see reference 26 and references therein), light is clearly one of the most important factors (19, 38) . Besides the vertical-light gradient, the alternation of day and night has a major effect on the shortterm population dynamics of Prochlorococcus populations. Recent studies have shown that cell division of these populations is strongly synchronized by the natural light-dark (L-D) cycle, both in culture (29) and in the field (29, 36) . In most cases, the main DNA replication burst (indicated by the timing of the peak of S cells) occurs in late afternoon or at the L-D transition, and division is completed during the early part of the night. Whether these diel variations may simply be explained by a direct control of light over a defined phase of the cell cycle (30) or by a circadian clock (31) is not clear. The latter hypothesis has been clearly demonstrated for Synechococcus spp. (31) , and its genetic basis has been uncovered (10) .
In the present study, we examined the synchronization processes in Prochlorococcus spp. with a special emphasis on the factors that could be involved in setting up synchrony (onset of light and irradiance level). For this purpose, we investigated the effect on cell cycle and optical properties of (i) an L-D cycle consisting of 12 h of light and 12 h of dark (12 h-12 h L-D cycle) with a fixed irradiance during the photoperiod, (ii) continuous darkness or constant light following L-D entrainment, and (iii) changes in the timing of the "light on" signal for populations entrained by an L-D cycle. We have also looked at the dynamic response of the Prochlorococcus cell cycle after shifting cells from low light (LL) to high light (HL) and conversely. All analyses were performed using flow cytometry.
The latter two strains have very similar genetic and pigment signatures (28) . PCC 9511 offers the advantage of being bacteria free, which under certain conditions such as HL facilitates cell cycle analyses. Thus, strain PCC 9511 was used preferentially to MED 4 (the strain we chose initially) in two experiments (see below).
Growth conditions. Batch Prochlorococcus cultures were grown in the seawater-based medium PCR-S11 (26, 28) . Cultures were maintained in 500-ml polyethylene Nalgene flasks (Bioblock, Illkirch, France) under blue light provided by daylight fluorescent TLD 18W/82 7 Philips bulbs wrapped with "moonlight blue" filters (Lee Filters, Panavision, France). Light intensity was measured inside a culture flask filled with filtered seawater, using an LI-1000 quantameter (Li-Cor Ltd., Lincoln, Nebr.) equipped with a 4 spherical sensor. Cultures were placed in a temperature-controlled room, and the average temperature was 20 Ϯ 2°C for all experiments.
Experimental conditions. ) to the reverse condition. Duplicate cultures for each condition were left at the initial irradiance (LL and HL controls). Data on photosynthesis and photosynthetic pigments from this last set of experiments have been reported elsewhere (4) . For all experiments, populations were acclimated for at least 2 weeks, during which cultures were periodically transferred into fresh medium in order to maintain them at an exponential growth rate.
Culture sampling. For all experiments except those involving light shifts, cultures were sampled during the exponential-growth phase either once or twice per hour. Sampling was performed automatically using a remotely controlled peristaltic pump (Masterflex; Bioblock) and a custom-designed fraction collector, modified from the description by Jacquet and coauthors (11) . Samples were kept until analysis or fixation in a large Plexiglas tank filled with circulating water at 4°C coming from a Minichiller system (Bioblock). Storage at 4°C for up to 10 h was previously shown to result in minimal effects on the parameters measured by flow cytometry, including cell cycle (11) . During the light shift experiments, cultures were sampled by hand over approximately 4 days at short time intervals for the first 12 h and then at longer intervals for the rest of the experiment (see below).
Sample processing. Samples were divided into two aliquots, one for the analysis of flow-cytometric cell parameters (i.e., cell number, light scatter, and Chl fluorescence) and another one for cell cycle analysis. The first aliquot was analyzed fresh (i.e., with no preservatives), after dilution with filtered (0.2-m pore size) seawater to avoid coincidence problems due to excessive count rates. Efforts were made to reduce the interval between sampling and analysis for samples collected at night (this delay never exceeded 8 h). The second aliquot was fixed for 15 min with glutaraldehyde (0.25% final concentration), frozen in liquid nitrogen, and stored at Ϫ80°C for later cell cycle analysis. Prior to analysis, this aliquot was thawed and incubated at 37°C for 1 h in the presence of a 0.1-g liter Ϫ1 mixture of RNase A and B (R-4875 and R-5750, 1:1 [wt/wt]; Sigma, Saint-Quentin Fallavier, France). After dilution using 0.2-m-pore-size filtered seawater, samples were immediately stained with SYBR Green I (1/10,000 final concentration) for at least 10 min (16) . For light shift experiments, samples for DNA analysis were fixed with paraformaldehyde (0.5% final concentration), frozen in liquid nitrogen, and stored at Ϫ80°C until further analysis. Samples were thawed at room temperature and stained with 1 g of Hoechst 33342 (Sigma) ml Ϫ1 for 30 min. Flow-cytometric analysis. Most samples were analyzed with a FACSort flow cytometer (Becton Dickinson, San Jose, Calif.) with 488-nm excitation. We recorded the right-angle light scatter (RALS), which is related to the cell size and refractive index of the cells (21) , and two fluorescence signals referred to as "green" (530 Ϯ 15 nm) and "red" (Ͼ630 nm) that are related to the DNA and Chl contents of the cells, respectively. For analyses of fresh samples, 0.2-mpore-size-filtered seawater was used as the sheath fluid. Cell parameters were normalized to 0.95-m fluorescent beads (Polysciences, Warrington, Pa.). Acquisition was performed at a high rate (90 to 100 l min
Ϫ1
) for fresh samples and at a medium rate (25 to 30 l min Ϫ1 ) for cell cycle analysis, since lower speed allows a better discrimination between the different cell cycle phases. For the light shift experiments, all measurements were made with an EPICS V flow cytometer (Coulter) equipped with a 5-W Argon laser (Coherent). Laser emission was set at 488 nm for analyses on unstained samples and at 353 to 357 nm for Hoechst-stained cells. Optical setups have been detailed previously (35) .
Data analysis. Data were collected as listmode files and then analyzed on a computer using the custom-designed freeware CYTOWIN (34; available through http://www.sb-roscoff.fr/Phyto/cyto.html#cytowin). Cell cycle analyses were performed using MultiCYCLE (P. S. Rabinovitch, Phoenix Flow Systems, San Diego, Calif.).
Specific growth rate. Division rate ( CC ) was estimated from cell cycle data using the equation of Carpenter & Chang (6):
where SϩG2 is an estimate of the division rate CC (day
), n is the number of samples collected at fixed intervals during one subjective day, T S ϩ T G2 (hours) is the sum of the duration of the S and G 2 phases, computed as twice the delay (⌬t [Table 1 ]) between the peaks of cells in these phases [2(T G2max Ϫ T Smax )], and ƒ S (t i ) and ƒ G2 (t i ) are the fractions of cells in S and G 2 phases at time t i . Average generation time (hours [ Table 1 ]) was calculated as follows: (Table  2) , as reported previously for SS 120 and MED 4 (24) , and the range of variation for these parameters was slightly larger in SS 120 than in PCC 9511 ( Table 2 ). The RALS of SS 120 began to increase 2 to 3 h after the light was switched on, whereas there was no delay recorded for PCC 9511. No photoquenching was recorded at this irradiance for either strain. The cell cycle, characterized by a discrete DNA synthesis S phase surrounded by two well-defined G 1 and G 2 phases, was well phased to the L-D cycle, but data revealed some differences between the two strains. First, the percentages of cells in both S and G 2 phases 
RESULTS

Effect
were clearly higher in strain SS 120 than in strain PCC 9511. Second, there was a 1-to 2-h delay in the start of the S and G 2 phases for PCC 9511. There was also a slightly higher proportion of cells in the G 2 phase, outside the active DNA replication and cell division period, for PCC 9511 than for SS 120 (Fig. 1D) . For both strains, a second peak of cells in S phase was recorded a few hours after the major one, although this peak was more marked for SS 120 cells. In contrast, no minor peak of cells in G 2 was observed. Phase duration and growth rate were slightly higher for strain SS 120 than for strain PCC 9511 ( Table 1) .
Effect of continuous darkness. Prochlorococcus MED 4 cells, acclimated to a 12 h-12 h L-D cycle, were transferred to complete darkness, and cell parameters were monitored for the next 48 h (Fig. 2) . During the first 12 h of darkness (corresponding to the normal dark period), cells of the experimental culture behaved similarly to those of the control (left under an L-D cycle). Following this period, the behavior of the two cultures diverged. In the dark culture, cells were not able to restart growth, and diel patterns disappeared. The RALS remained constant for almost 6 h, then decreased for 7.5 h before stabilizing at a lower value than the minimum observed in the control culture ( Fig. 2A) . Chl fluorescence in the dark treatment was constant for 6 h and then decreased steadily (Fig.  2B) . A few cells entered the S phase during the first day of darkness, apparently forming three successive cohorts (Fig.  2C) . However, these cells did not seem to complete DNA synthesis and move towards division since no significant increase in G 2 cells was observed afterwards (Fig. 2D) . These cells probably died, as confirmed by the decrease in cell number (data not shown), which roughly paralleled the decrease in RALS.
Effect of constant light. To analyze the effect of constant light, two replicate cultures of PCC 9511 were first acclimated under a 12 h-12 h L-D cycle. Although both replicates grew exponentially at similar rates and had similar densities the day before sampling began (data not shown), flow-cytometric data showed that they were not strictly identical at t ϭ 0 and during the first 24 h of sampling, although the two cultures were maintained under a similar L-D cycle. Differences included a slight shift in the response patterns of RALS and Chl fluorescence (Fig. 3) . At t ϭ 24 h, both cultures were transferred to constant light, one at 25 mol of quanta ⅐ m Ϫ2 s Ϫ1 and the other at 10 mol of quanta ⅐ m Ϫ2 s Ϫ1 . After 36 h, i.e., when darkness should have occurred, RALS (Fig. 3A) and Chl fluorescence (Fig. 3B ) of the culture placed at 25 mol of quanta ⅐ m Ϫ2 s Ϫ1 began to decrease, as observed at the beginning of the previous dark period, but the amplitude of the decrease was much smaller. RALS and fluorescence patterns then showed several oscillations, but they were out of phase with respect to the patterns observed during the first 36 h of the experiment. Patterns of variation in the percentages of cells in the active phases of the cell cycle (S and G 2 ) in the time interval 36 to 42 h compared well with those previously observed during the first 12 to 18 h. Then, during the period from 42 to 96 h, two oscillations were observed, albeit reduced ones. The peaks of S (Fig. 3C ) and G 2 (Fig. 3D ) cells occurred about 4 h earlier compared to the pattern observed at the beginning of the experiment. At 10 mol of quanta ⅐ m Ϫ2 s Ϫ1 , the evolution was approximately the same, but the decreases of fluorescence and, to a lesser extent, of RALS after 36 h were more limited. At 10 mol of quanta ⅐ m Ϫ2 s Ϫ1 , fewer cells entered the S phase during the photoperiod following the light shift (around t ϭ 36 h), and there was no clear second peak of S cells at t ϭ 78 h.
Effect of shifting the light-on signal. To determine the role of the light-on signal on all cycling, an experiment was conducted 
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PROCHLOROCOCCUS CELL CYCLE REGULATIONusing replicate Prochlorococcus MED 4 cultures entrained by a 12 h-12 h L-D cycle. For one of these cultures, the time at which light was switched on was set 4 h later, and for another culture it was set 4 h earlier than the usual time (Fig. 4) . When the light-on signal was delayed by 4 h, RALS began to increase slowly; then, after 3 h, it began to drop (Fig. 4A) . A new increase began 2 h after the new light-on signal, in a parallel manner to that recorded for the control (Fig. 4A) . The maximum value of RALS was recorded at the end of the new light period, as occurs in normal conditions (Fig. 4A) . The Chl fluorescence pattern was very similar to that of RALS (Fig. 4B) . The maximum percentages of cells in the S and G 2 growth phases were recorded 5 h and 4 h later, respectively, than in the control ( Fig. 4C and D) . There was no significant change in the proportion of cells in S and G 2 phases for both conditions. When light was switched on 4 h earlier than the normal time, RALS rapidly stopped decreasing and then began to increase, reaching a maximum 2 h earlier than that of the control (Fig. 4E) . Chl fluorescence began to increase 5 h before that of the control and peaked 4 h earlier compared to the control (Fig.  4F) . The peak of the S phase seemed to occur only 2 h earlier than that of the control (Fig. 4G) , whereas the G 2 phase was most populated 4 h earlier (Fig. 4H) . As for the delay, the advanced light shift induced no significant change in the proportion of cells in both phases. 
Effect of light level shift. The photoacclimation dynamics of
Prochlorococcus growth were investigated in strain MED 4 by monitoring variations in cellular parameters (including cell numbers) and cell cycle. Cultures were grown in replicate at two constant light intensities (8 and 57 mol of quanta ⅐ m Ϫ2 s Ϫ1 ) and transferred at time t ϭ 0 from one level to the other (Fig. 5) . We refer to the transfer of cells from LL to HL as the "shift up" and to the transfer of cells from HL to LL as the "shift down." Although cell concentrations at t ϭ 0 were comparable in all cultures, cells grown at HL grew much faster than those left at LL, such that the abundance in the HL control was much higher than in the LL control at the end of the experiment (Fig. 5A and F) . Shifting cultures either from LL to HL or vice versa caused significant changes in all cellular parameters. During the shift up, the increase in cell concentration paralleled that of the LL control for about 12 h. Then cells increased their division rate until reaching that of the HL control (Fig. 5A) . During the shift down, the variation of cell concentration followed closely that of the HL control for 12 h, and then the division rate began to decrease to match the rate 
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PROCHLOROCOCCUS CELL CYCLE REGULATIONobserved in the LL control (Fig. 5F ). Patterns of RALS and Chl fluorescence remained fairly constant in the HL and LL controls. The relative values of these two parameters were systematically higher at LL than HL (Fig. 5B, C , G and H), as expected for fully acclimated cells (18) . During the shift-up experiment, RALS and Chl fluorescence progressively decreased throughout the experiment and finally approached the values of the HL control ( Fig. 5B and C) . The converse phenomenon occurred during the shift-down experiment ( Fig. 5G  and H) . However, at the end of the experiment, the Chl fluorescence of cells shifted to LL was clearly below that of the LL control, whereas the RALSs of these cultures were similar. The shift up induced a very fast and dramatic response in the cell cycle, with a very high proportion of cells moving through the S and G 2 phases just after the light shift ( Fig. 5D and E) . During the shift down experiment, the opposite trend was observed with steadily fewer cells entering the S and G 2 phases at the end of the experiment, as cells became acclimated to their new growth conditions ( Fig. 5I and J) .
DISCUSSION
One of the most prevalent phenomena in natural systems is the never-ending alternation of light and darkness over a 24-h period. As a direct consequence, living organisms from prokaryotes (13) to human beings (8) In the present study, we found that RALS and Chl fluorescence displayed very similar patterns whatever the conditions tested. When Prochlorococcus spp. were entrained by the L-D cycle, there was an overall increase of both parameters during the light period and a decrease during the night. Continuous darkness provoked a clear decrease in relative values of scatter and fluorescence, whereas the converse pattern was recorded under constant light. These parallel patterns of cell fluorescence and light scatter suggest that pigment synthesis and cell growth are tightly coupled. A similar observation was done for field Prochlorococcus populations at depths (37) . In contrast, in surface waters, Chl synthesis and fluorescence quenching have opposite effects and translate into a marked decrease of the Chl fluorescence in the middle of the day, which is not paralleled by the light scatter pattern. Such a midday decrease in Chl fluorescence did not occur in our experiments, likely due to the nonsaturating irradiance levels used. We also noticed a good correlation between RALS variation and growth rate (see Table 1 and Fig. 5 ). Such coupling has already been reported for field populations (37) and might reflect the fact that cells must reach a critical size before division can proceed. This hypothesis was recently supported in the marine cyanobacterium Synechococcus WH 8101 (3), a close relative of Prochlorococcus spp.
Although culturing Prochlorococcus cells under an L-D cycle systematically provoked a strong oscillation of light scatter values, it must be noted that, contrary to what is observed in the field (37) , relative RALS values here never doubled. Moreover, the percentage of cells in the active phases of the cell cycle (S and G 2 ) never equaled zero. This indicates that the synchronization of the Prochlorococcus population was only partial in our culture conditions. The better synchrony generally observed in nature (e.g., 29, 36, 37 ) is probably mainly due to the temporal modulation of natural sunlight. Preliminary growth experiments in which we compared the effect of an L-D cycle with a constant light of 25 mol of quanta ⅐ m Ϫ2 s
Ϫ1
during the photoperiod to a stepwise L-D cycle with a maximum irradiance around noon of 43 mol of quanta ⅐ m Ϫ2 s
(cells received a similar daily light dose in both experiments) were inconclusive (S. Jacquet, unpublished data). However, growing Prochlorococcus PCC 9511 cells under a bell-shaped L-D cycle and a very high maximum irradiance of about 1,000 mol of quanta ⅐ m Ϫ2 s Ϫ1 resulted in almost perfect cell cycle synchronization (5) .
The Prochlorococcus growth rate appears to be tightly controlled by irradiance levels. This can clearly be inferred from the light shift experiment. When MED 4 cells were shifted from LL to HL (Fig. 5) , there was a rapid and dramatic increase in the proportion of cells in S and G 2 phases, which soon translated into an increased division rate. The reverse effect was observed when cells were transferred from HL to LL. Similarly, when cells were shifted from an L-D cycle to constant light conditions, fewer cells entered the S phase when they were placed at 10 rather than 25 mol of quanta ⅐ m Ϫ2 s Ϫ1 , a phenomenon which was accompanied by an apparently quicker loss of cell cycle synchronization in the LL condition. An increase in the percentages of cells in the S and G 2 phases of the cell cycle in response to higher irradiances was previously observed in surface waters of the Mediterranean Sea for Synechococcus cells (12) . It was also observed along the vertical light gradient for populations of Prochlorococcus spp. in the equatorial Pacific from the bottom of the euphotic zone up to about 35 m (36). However, there was a reversal of this trend higher in the water column, due to the combined negative effects of excess light on Prochlorococcus growth as well as to a delayed entry of cells in the S phase, likely due to UV light.
Depletion or complete starvation of essential resources such as nutrients or light has been shown to induce cell cycle arrest at specific blocking points in the cell cycle, most commonly at the end of the G 1 phase (30, 32) . When cells have passed this point, the environmental factor is no longer required for transit through the later phases of the cell cycle, and cells are committed to divide. The effect of suboptimal irradiances for growth is different depending on whether the population is synchronized or not. For an asynchronous population, a limiting light level induces an expansion in the G 1 duration, rather than a true blockage of cells in G 1 (22) . We show here that in the case of Prochlorococcus cells, slow progression through G 1 can be rapidly reversed when cells are transferred to higher light. Conversely, this progression can be quickly slowed down when cells are transferred to lower light (Fig. 5) . In contrast, when populations are synchronized, as is the case for Prochlorococcus spp. either in the field or submitted to an artificial L-D cycle, the observed decrease in growth rate at LL implies that only a part of the population (proportional to the irradiance level) can proceed thru S and G 2 phases and then divide at precise times during the L-D cycle. The rest of the popula-tion is committed to wait, at a blocking point in G 1 , until the following day.
When Prochlorococcus cells are placed into complete darkness, most cells arrest at the blocking point in phase G 1 . However, it is noteworthy that some of them do not stop in phase G 1 but in phase S, as observed previously in phosphorus-starved Prochlorococcus cells (23) . The increase of cells in the S phase was apparently not artefactual, since there was no significant increase in the coefficient of variation of the G 1 peak that could result in an overestimation of the proportion of cells in the S phase (1) . By comparison, cells of the marine Synechococcus strain WH 8101 complete DNA synthesis in the dark and do not arrest in S phase (1) . In fact, the latter strain seems to have blocking points both in the G 1 and G 2 phases, like diatoms (32) . For Prochlorococcus, cells that start the S phase in the dark apparently cannot complete DNA replication or enter G 2 . The exact reasons behind such an effect remain unexplained. However, these data along with those of Parpais et al. (23) suggest that cell cycle control in Prochlorococcus spp. is not as strict as in Synechococcus spp. or other eukaryotic phytoplankters, which are totally prevented from entering the critical phase of genome replication in cases of energy deprivation.
In the present study, we have also examined which signals may be responsible for the synchronization. We found that a shift in the time of the dark-to-light transition was accompanied by a parallel shift in the timing of entry of cells into S phase. When cells were subjected to complete darkness following the L-D cycle, the cell cycle was disrupted; i.e., cells stopped cycling as if they were waiting for the stimulus of entrainment (the light-on signal). These results strongly suggest that the onset of light is a critical signal for triggering cell cycling in Prochlorococcus spp. This conclusion is in agreement with a previous study suggesting that S-phase initiation is linked to a light-triggered timer in Prochlorococcus spp. (29) . These results also confirm previous assumptions about the importance of this signal in synchronizing natural picoplanktonic populations (12, 37) . The sensor of the light stimulus is not yet known in Prochlorococcus spp. In other photosynthetic bacteria, it has recently been shown to be a phytochrome (39) .
Circadian clocks, i.e., endogenous oscillators responsible for the daily patterns recorded in the activity of cells in the absence of entrainable stimuli, have been extensively studied in unicellular algae (e.g., see reference 15). Since the discovery of biological timers in unicellular marine cyanobacteria (17) , cell cycle clocks in these organisms have been intensively investigated (e.g., see reference 13 for a review), and cell division in Synechococcus spp. has been shown to obey clock-controlled circadian regulation (10, 14, 31) . In the genus Prochlorococcus, rbcL gene expression has been suggested to be endogenously controlled (27) . Shalapyonok et al. (29) also reported that the timing of cell cycle events in Prochlorococcus spp. may be controlled by a circadian clock. In the present study, Prochlorococcus cells displayed some features that may point to the existence of a clock (oscillations after shift from L-D to continuous light and resetting of division timing by light shift). However, these features can also be easily explained by a direct effect of light on the cell cycle (35) . Prochlorococcus spp., because they can be synchronized so tightly, would be an excellent model to further address the question of the interaction between light and cellular processes and the eventual role of a central clock.
A refined study of genes implicated in diel rhythms in the Prochlorococcus genus is now needed in order to better understand the coupling between light, cellular processes, and possibly a biological clock. It would also be worthwhile to determine how the regulation of these genes differs from that of marine Synechococcus spp., which often co-occur with Prochlorococcus spp. in the field, but whose diel patterns of cellular parameters as well as cell cycle regulation mechanisms are clearly different (2; S. Jacquet et al., submitted).
